Broad-frequency dielectric behaviors of multiwalled carbon nanotubes ͑MWCNTs͒ embedded in room temperature vulcanization silicone rubber ͑RT-SR͒ matrix were studied by analyzing alternating current ͑ac͒ impedance spectra, which would make a remarkable contribution for understanding some fundamental electrical properties in the MWCNT/RT-SR nanocomposites. Equivalent circuits of the MWCNT/RT-SR nanocomposites were built, and the law of polarization and mechanism of electric conductance under the ac field were acquired. Two parallel RC circuits in series are the equivalent circuits of the MWCNT/RT-SR composites. At different frequency ranges, dielectric parameters including conductivity, dielectric permittivity, dielectric loss, impedance phase, and magnitude present different behaviors.
I. INTRODUCTION
Electroactive polymer materials are of great interest for a broad range of applications as they exhibit excellent electromechanical properties, high electical conductivity, and high dielectric permittivity far above those of traditional polymers.
1-4 For these electroactive polymer materials, the most important characteristics include electric polarization and electric conductance, which can bring out a crucial effect on the final dielectric properties. [4] [5] [6] [7] There are mainly two kinds of dielectric polarization systems, one is the dipole system and the other is the charge carrier systems. Meantime, a wide range of relaxation phenomena is associated with interfacial phases in metal-insulator, semiconductorinsulator, electrode-electrolyte, and similar systems. [8] [9] [10] For the electrical conductive particle-filled polymer composites, the polarization mechanism is very complex and there is no detailed interpretation until now, especially for the onedemensional nanofiller/polymer composite systems.
The mechanism of electric conductance of the polymer composites under alternating current ͑ac͒ field is still uncertain. 11, 12 There is no exact interpretation about the regulation that the conductivity changes with frequency. One of the most interesting models for ac conductivity ͑ ac ͒ in disordered solids is the random free-energy barrier model, which is also referred to as the symmetric hopping model, proposed by Dyre and co-worker. 13, 14 This model is based on the ascertainment that the conductivity is thermally activated, ͑T͒ ϰ exp͑−⌬E / T͒, where ͑T͒, ⌬E, and T are the electric conductivity, activation energy, and temperature, respectively, and the ac conductivity is less temperature dependent. It suggests that the ac conductivity is dominated by processes with activation energies ͑⌬E ac ͒ smaller than the direct current ͑dc͒ ones ⌬E dc . By employing the continuous time random walk approximation and the assumption of a distribution of energy barriers over which only jumps to the nearest-neighbor sites with equal probability are allowed. Dyre derived the ac conductivity in disordered solids as ac ͑͒ = dc ͓j / ln͑1+ j͔͒, 13 where dc , , and are the direct current conductivity, the angular frequency, and the relaxation time, respectively. The random free-energy barrier model has been found to be in agreement with experimental data for a large number of disordered solids. 14 It is well known that the ac is the sum of all dissipative effects including an actual Ohmic conductivity caused by migrating charge carriers as well as a frequency-dependent dielectric dispersion. 15 If the random free-energy barrier model is effective, there will be large conduction loss at high frequency, which disagrees with the experimental phenomena. In addition, the dielectric properties of the disorder solid materials can also be described by its equivalent circuits which is composed of resistor ͑R͒, capacitor ͑C͒, and inductor ͑L͒ elements. The total impedance of materials can be composed of resistance and reactance, but not be added together simply. Driven by an ac supply, a capacitor will only accumulate a limited amount of charge before the potential difference is changed. Therefore, if the equivalent circuit of the composites is known, we can understand the polarization mechanism and the ac conduction mechanism according to the basic composition elements of the composites. Just recently, one-demensional carbon nanotubes ͑CNTs͒ with high a͒ Author to whom correspondence should be addressed. Electronic mail: dangzm@mail.buct.edu.cn. conductivity and unique nanostructure are embedded into polymer matrix to form the disorder composites. Moreover, high conductivity, high dielectric permittivity, and excellent electrostriction in these composites are discovered. 3, 16 However, it is often difficult to explain most of the complex dielectric properties in these disordered composites. Theoretical predictions of the fundamental physical data suffer from a lack of experimental data, especially dielectric data over a wide frequency range.
We therefore conducted high resolution measurements of frequency-dependent dielectric behaviors in the CNT/ polymer composites. Room temperature vulcanization silicone rubber ͑RT-SR͒ was chosen as polymer matrix because it exhibited a low glassy temperature and a simple preparation process. The results show that two parallel RC circuits in series are the equivalent circuits of the multiwalled CNT ͑MWCNT͒/RT-SR composites. At different frequency ranges, dielectric parameters including conductivity, dielectric permittivity, dielectric loss, impedance phase, and magnitude display different behaviors, respectively. The equivalent circuits of MWCNT/RT-SR nanocomposites were built, and the law of polarization and the mechanism of electric conductance under the ac field were acquired.
II. EXPERIMENTAL PROCEDURES
Raw MWCNTs as received are about 10-30 nm in diameter and 10-15 m in length. Prior to use, they were chemically modified in ethanol by means of a coupling agent, ␥-aminopropyltriethoxy silane in order to improve the affinity between MWCNT fillers and RT-SR matrix. The ethanol solutions with MWCNT powder and the coupling agent were mixed and ultrasonicated for 30 min at RT. After filtration, the modified nanotubes were dried at 100°C for 24 h. After that, the modified multiwalled nanotubes were achieved. The MWCNT/RT-SR nanocomposites with different volume fractions of CNTs were prepared by three roll mills. First, MWCNT and RT-SR were mixed together manually. The suspension was added batchwise to the three roll miller for final high shear mixing. The gap size between the rollers was 15 m. The dwell time of each batch of suspension was Ϸ1 min at the speed of 300 rpm and 1 min at 600 rpm, respectively. The suspension was collected, mixing with the hardener for 2 min by hand, cured for 24 h at RT.
The impedance magnitude and the impedance phase of the MWCNT/RT-SR composites were measured by using an impedance analyzer ͑Solarton 1260͒, and the real and imaginary parts of the impedance were calculated according to ZЈ = ͉Z͉cos͑͒ and ZЉ = ͉Z͉sin͑͒, respectively. The equivalent circuits resulting from the analysis of the impedance spectra were built, and the mechanism of the dielectric relaxation and the electric conductance were explored. Figure 1 shows dependences of impedance phase and impedance magnitude of the MWCNT/RT-SR composites on frequency at RT. It is found that the impedance phases are close to 0 and the impedance magnitudes are independent of frequencies below approximately 10 Hz. This suggests that the Ohmic resistance elements play an important role at low frequencies. With increasing frequency further, all of the impedance phases ͓see Fig. 1͑a͔͒ and the impedance magnitudes ͓see Fig. 1͑b͔͒ decrease at the same time, which illustrates the character of capacitor impedance. In the meantime, the peak of impedance phase appears in Fig. 1͑a͒ , it is caused by the dielectric relaxation of the MWCNT/RT-SR composites. We also notice that the impedance decreases more quickly at this frequency range. Otherwise, with the increasing loading of MWCNT, the impedance phase is independent of frequency in a wide frequency region, while the remarkable shift of impedance phase peak appears at high frequency ͓see rectangle frame with transverse lines in Fig. 1͑a͔͒ . In this case, the Ohmic resistance of the composites becomes strong and the capacitive reactance behavior is weak. Figure 2 shows two half circles in the curves ͓here we show only an amplificatory half circle in inset of Fig. 2͑a͔͒ , corresponding to the polarization at the middle frequency and high frequency, respectively. We think that the equivalent circuits of the MWCNT/RT-SR composites are basically composed of two parallel RC circuits in series, as shown in Fig. 2͑e͒ . In the applied circuits, the constant phase elements ͑CPEs͒ are used to simulate the impedance data instead of the ideal capacitor. For each RC unit, its complex impedance can be expressed as follows:
III. RESULTS AND DISCUSSIONS
where = RC is the time constant of circuits. It is found from experiments there is no half circle occurring in the impedance spectra of RTV-SR matrix itself. It suggests that the electrical polarization of the MWCNT/RT-SR composites is concerned with the MWCNT. The R1 and CPE1 in the cir- cuits of Fig. 2͑e͒ are produced by the polarization of the interfacial layer of MWCNT and RT-SR. However, the R2 and CPE2 represent the resistance and capacitance produced by the polarization of MWCNT at high frequency, respectively. The value of the time constant ͑in seconds͒ is equal to the product of the circuit resistance ͑in ohms͒ and the circuit capacitance ͑in farads͒, which is shown as follow:
where max is the frequency corresponding to the highest point of the half circle, that is, the frequency corresponding to the maximal ZЉ. By using the ZVIEW2 software, the impedance data of sample can be simulated and the parameters of equivalent circuits are gained according to Eq. ͑1͒. The extracted parameters by fitting the impedance data to the equivalent circuits are shown in Table I . It is found that the resistances R1 and R2 decrease, while the CPE1 and CPE2 increase with the loading of MWCNT. According to the equivalent circuits and Fig. 3͑a͒ , three distinct regions can be divided into the curve of dielectric permittivity versus frequency, such as low frequency region, middle frequency region, and high frequency region. In the low frequency region, the dielectric permittivity is huge and increases with MWCNT volume fraction f MWCNT . Generally, at low frequency, the polarization time is long and the space charge polarization plays a crucial role in the composites. As seen from Fig. 3͑a͒ , the dielectric permittivity of the MWCNT/RT-SR composite at f MWCNT = 0.032 is as high as 10 9 at 10 −3 Hz. Furthermore, the dielectric permittivity decreases greatly with frequency, while the dielectric loss increases significantly with frequency in this region, which shows the space charge polarization character ͑response of charge carrier polarization͒. For the MWCNT/RT-SR composites, CNTs are conductive and silicone rubber is insulating so the space charge accumulates at the interface of composites and the charge is stored. With the increasing loading of MWCNT, more electrons supplied by CNTs contribute the remarkable space charge polarization. The dielectric permittivity versus frequency at this region can be described by the following expression:
where r is the relative dielectric permittivity of composites, n LFD is the exponent of low frequency dispersion ͑LFD͒, and =2 is the applied frequency. The remarkable behavior is known as LFD. The charge carriers are relatively free to move in the extended trajectories between the electrodes and therefore produce giant polarizabilities. This strong dispersion behavior is based on the hopping charge carrier, which dominates the conductance and dielectric response. The dispersion behavior becomes strong so that it spreads to high frequency with increasing f MWCNT . The exponents n LFD of the MWCNT/RT-SR composites at different f MWCNT are shown in Table II .
Generally, the dielectric permittivity versus frequency curve is slippery and there are no peaks occurring. It is found from Fig. 3͑a͒ that there is a sharp decreasing peak in the curves of dielectric permittivity versus frequency. As we know, all dielectrics have two types of losses. One is the conduction loss, representing the flow of actual charge through the dielectric. The other is a dielectric loss due to the motion/rotation of atoms or molecules in the ac field. According to the above analysis, the conduction of the MWCNT/RT-SR composites is dominated by resistance at low frequency which produces a lot of conduction loss, the loss tangent is as high as 1000 ͓see Fig. 3͑b͔͒ and eventually produces a rise in temperature of the sample placed in the ac field. The high temperature causes the charge carriers moving in disorder and breaks slowly the regular arrangement of mobile charge carriers at the interface of composites. Therefore, a sharp peak appears in the dielectric permittivity spectrum.
In the middle frequency region, the polarization is mainly dependent on the localized hopping charge carriers at the interface layer response to the electric field, which produces the R1 and CPE1. The localized electrons of isolated CNTs hop which just like dipolar polarization and entitle the composites to store charge under the applied electric field. Meantime, two CNTs and the insulating polymer inside can be taken as a microcapacitor which entitles the composites to store charge. It is also found that the dielectric permittivity is less dependent on frequency until the relaxation happens and then the permittivity decreases quickly with frequency.
The relaxation time is often used when relaxation process is discussed, which represents the characteristic time of polarization relaxation. When the polarization of samples cannot follow the change in external electric field, the relaxation happens so that the corresponding dielectric permittivity decreases quickly and the dielectric loss increases. It is found that the relaxation frequency increases with the increase in f MWCNT , as shown in Figs. 3͑a͒ and 3͑b͒ . According to Eq. ͑3͒, the highest point of half circle of the ac impedance spectra responds to the relaxation frequencies. Therefore, the first and second relaxation frequencies ͑ 1 and 2 ͒ can be gained, and the relaxation time is calculated, as shown in Table III . It can be noticed that the relaxation time decreases with the increasing loading of MWCNT. It is analyzed when the concentration of MWCNT increases, the interfacial potential energy decreases so that the localized charge carriers are easier to hop. As a result, the polarization is easy, which can adapt to the higher applied frequency. This induces the relaxation process at higher frequency. Figure 4͑a͒ shows the dependence of dielectric permittivity of the MWCNT/RT-SR composites at 10 3 Hz on the volume fraction of MWCNT. The dielectric permittivity increases with f MWCNT . It is analyzed that the localized charge carriers must overcome certain potential barrier, jumps to another localized sites, and produces interfacial polarization. Therefore, the polymer layers become thinner gradually with the increasing loading of MWCNT. In this case, the potential energy decreases, which is helpful to the hopping of electrons. As a result, the conductivity and the dielectric permittivity increase both, as shown in Figs. 4͑a͒ and 4͑b͒ . This is due to a simultaneous increase in the localized chargers and the conductive paths. A further increase in the MWCNT loading yields to a continuous increase in the dielectric per- mittivity until the amount of MWCNTs is enough to connect most of the isolated conductive region together and most of the electrons give rise to direct current conduction. Otherwise, the increase in dielectric permittivity can also be explained by the fact that more microcapacitors are formed when the concentration of MWCNT increases, which allows high dielectric permittivity to the composites, as shown by the schematic image in the inset of Fig. 4͑a͒ . In the high frequency region, the dielectric permittivity is mainly dependent on polarization of CNTs due to the function of space charge and the weakness of interfacial polarization. As a special case, the dependence of conductivity of the MWCNT/RT-SR composite at f MWCNT = 0.026 on the frequency is shown in Fig. 4͑c͒ . The curve can be divided into three regions. In the first region, the conductivity is independent on frequency, and the value of conductivity corresponds to the dc conductivity. The equivalent circuits of the MWCNT/RT-SR composites are composed of parallel RC. As we know, a capacitor is equal to the open circuit state at low frequencies. As no charge flows through the insulating dielectric layer, so the conductivity is mainly dependent on the resistance. In this case, the conductivity of the composites does not change with the frequency. However, it is found from the inset in Fig. 4͑c͒ that the log versus log is in a good exponential relationship. The conductivity decreases with frequency weakly, and this indicates that the sample does not only behave as the pure resistance but also absorbs some electrons in this section which causes the LFD phenomenon. In the second region, the conductivity increases with frequency. The interfacial polarization of the MWCNT/ RT-SR composites is induced, which also produces R1 and CPE1. In this region, the capacitor will only accumulate a limited amount of charge before the potential difference changes. The higher is the frequency, the less charge will be accumulated. The function of capacitor on ac conductivity stands out with an increase in frequency, both of the reactance and the parallel impedance decrease. On the other side, when the polarization relaxation happens, the accumulated charge moves with the applied electric field and produces the dc conductivity, which would improve the conductivity further. In the third region, the conductivity increases with frequency, and this region is responding to the polarization of CNTs. In short, at low frequencies, a frequency independent conductivity is recorded, which is attributed to resistive conduction through the bulk composite. On the other hand, at high frequencies, the conductivity appears to be proportional to frequency due to the capacitance of the host medium between the conducting particles or clusters.
Generally, the ac conductivity can be expressed as follows:
where dc is the dc conductivity at → 0, A and s parameters are dependent on temperature and the concentration of fillers. 19, 20 Equation ͑4͒ is often called the ac universal dielectric response since it has been found to satisfactorily de- scribe the ac response of numerous different types of materials, which can be classified as disordered solids.
IV. CONCLUSIONS
Based on the analysis of the ac impedance spectra, the equivalent circuits of MWCNT/RT-SR composites were built, and the law of polarization and the mechanism of electric conductance under the ac field were investigated. The results show that two parallel RC circuits in series are the equivalent circuits of the MWCNT/RT-SR composites. At low frequency, the conductivity is independent of the frequency. At middle and high frequencies, the conductivity increases with increasing frequency due to the effects of capacitance change and interfacial relaxation. The curve of dielectric permittivity versus frequency would be divided into three distinct regions. At low frequency, the polarization can be described by the LFD, which means it obeys basically the power law. At middle frequency, the dielectric permittivity is less dependent on frequency, which corresponds to the interfacial polarization of localized charges. At high frequency, the polarization is dependent on the CNTs. The dielectric permittivity of the MWCNT/RT-SR composites is mainly relative to the quantity of the localized charges and the interfacial potential energy. It is found both conductivity and dielectric permittivity increase with the increase in the MWCNT loading because the potential energy decreases. However, after most of the CNTs take part in the conductive networks, the dielectric permittivity of composites decreases. 
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